Seagrass meadows, one of the world's most important and productive coastal habitats, are threatened by a range of anthropogenic actions. Burial of seagrass plants due to coastal activities is one important anthropogenic pressure leading to decline of local populations. In our study, we assessed the response of eelgrass Zostera marina to sediment burial from physiological, morphological, and population parameters. In a full factorial field experiment, burial level (5-20 cm) and burial duration (4-16 weeks) were manipulated. Negative effects were visible even at the lowest burial level (5 cm) and shortest duration (4 weeks), with increasing effects over time and burial level. Buried seagrasses showed higher shoot mortality, delayed growth and flowering and lower carbohydrate storage. The observed effects will likely have an impact on next year's survival of buried plants. Our results have implications for the management of this important coastal plant.
Introduction
Seagrass meadows are one of the world's most important and productive coastal habitats (Costanza et al., 1997) . They provide a variety of ecosystem services (Hemminga and Duarte, 2000; Larkum et al., 2006) including the stabilization and accretion of sediments in shallow coastal areas (for a review see Fonseca, 1996) as well as some coastal protection by dampening waves and currents (Fonseca and Cahalan, 1992; Fonseca and Koehl, 2006) . Seagrass meadows have a positive effect on water transparency, their leaves and rhizomes take up and store nutrients and by that they are reducing eutrophication effects (e.g. McGlathery et al., 2007) . Seagrasses provide nursery grounds and shelter for many faunal species, including commercially important fish and shellfish species (for a review see Heck et al., 2003) . At the same time, seagrass meadows are threatened worldwide by anthropogenic impacts (eutrophication, overfishing, coastal development, diseases, invasive species, and climate change; e.g. Bockelmann et al., 2013; Munkes, 2005; Orth et al., 2006; Waycott et al., 2009; Williams, 2007) .
While eutrophication is considered as the main reason for large-scale losses of seagrass habitats, burial of seagrass plants either through anthropogenic sedimentation or through natural events like storms or mobile sandy bed forms has been identified as an important 3 cause for local die-offs (Cabaço and Santos, 2014; Cabaço et al., 2008; Erftemeijer and Lewis III, 2006; Orth et al., 2006; Short and Wyllie-Echeverria, 1996; Tu Do et al., 2012) .
Additionally, we can expect to see an increase of sediment mobility due to changes in hydrodynamics as one of the consequences of sea level rise (Dolch and Reise, 2010 ). This will add to the pressures for seagrasses.
Despite the acknowledged importance, in situ experiments testing the effects of increased sedimentation or burial on different seagrass species are rare and short term (for a review of six published studies see Cabaço et al., 2008) , and none deals with the most important seagrass of the northern hemisphere, Zostera marina, in its core distribution range (Boström et al., 2014) .
Along the German Baltic Sea, Zostera marina (eelgrass) is the dominant seagrass species (Boström et al., 2014) . As an ecosystem engineering species (sensu Wright and Jones, 2006) it forms one of the most important coastal habitats in the Baltic Sea. Since the 1950s the areal extent of eelgrass has decreased by at least 51% or 148 km 2 along the northern German coast (Schubert et al., 2015) , comprising at least one tenth of all known seagrass beds in the area (Boström et al., 2014) . In addition to substantial eutrophication accompanied by an increase in turbidity, Baltic eelgrass meadows are experiencing increased sedimentation through beach nourishment, dredging of waterways, discharging of dredged material, and shoreline protection.
For coastal managers and other stakeholders, the height of anthropogenic sediment burial tolerated by eelgrass plants is of particular concern. While sedimentation within existing meadows is in some cases unavoidable as corollary of dredging or beach maintenance, its extent may be manageable.
Additionally, for coastal management and restoration projects, the development of early stress indicators for eelgrass, which hint to existing stressors long before meadows disappear, would be a valuable tool. But despite a variety of existing indicators for seagrass health (Marbà et al., 2013) , suitable early stress indicators for eelgrass are still lacking or costly (Macreadie et al., 2014) . Storage carbohydrates namely starch and sucrose could have the potential to fill this gap and function as cost-effective indicators for the health status of eelgrass habitats (Govers et al., 2015) .
The main aim of this study was to understand the effects of sedimentation level and duration on the seagrass species Zostera marina. In contrast to previous studies, we were interested to detect a wide range of eelgrass responses to sediment burial and sedimentation duration.
Additionally, our aim was to identify burial threshold levels, above which significant negative 4 effects are likely. Effects on eelgrass plants were measured on three different organizational levels: physiological (carbohydrate content), morphological (shoot biomass, leaf length), and population (shoot density, flowering shoot density, total biomass).
In the present study we investigated the effects of different sediment levels and burial durations within a continuous eelgrass meadow in the western Baltic Sea. We supposed that the relative (% of plant height) rather than absolute (in centimeters) sediment burial level is determining the plants response and survival. Hence, we expected tall eelgrass from the Baltic to be less sensitive to low absolute levels of burial than previously thought (Cabaço et al., 2008) .
Materials and methods

Study area and abiotic environment
The study was conducted in Kiel Bight, a shallow bay of the Baltic Sea with average depths between 16 and 20 m. In Kiel Bight the seagrass species Zostera marina is found along most of the coastline in shallow waters between 0.6 and 7.6 m depth (Schubert et al., 2015) .
It grows between spring (March) and autumn (October) with its peak biomass in late August, early September (Gründel, 1982) . In autumn and winter biomass is reduced considerably by storm events, but eelgrass is a perennial species in Kiel Bight. We chose a site called 'Falckenstein' in Kiel Bight for the experiment (Fig. 1, 54°24 .388' N, 010°11.575' E). This site features an undisturbed Zostera marina meadow with an areal extent of ca. 130 ha within water depths of 0.5 to 5 meters on sandy substratum. The seagrass bed consists mainly of Zostera marina (95%), interspersed with some red algae (e.g. Delessaria sanguinea and Ceramium virgatum) and green algae (e.g. Ulva spp.). Also you will find patches of Mytilus edulis in the meadow. The eelgrass plants are up to 1.8 m in height during summer, the maximum density during summer is about 500 shoots per m 2 . It is one of the largest and most consistent eelgrass meadows in this area. At the beginning of the experiment, the water at the study site had a temperature of 9.7 °C. The highest water temperature at the study site was measured on the 30 th of July with 23.5 °C. After the 10 th of August water temperature slowly decreased down to 17 °C at the termination of the experiment. At water temperatures above 10 °C Zostera marina shows normal vegetative growth, so eelgrass plants were not limited in their growth by low water temperatures during our experiment (Reusch et al., 2005) . At high water temperatures above 20 °C Zostera marina reduces its growth due to heat stress.
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The study area is located on the western shore of Kiel Bight, therefore only winds from a northeasterly sector will affect the studied meadow. On the 29 th of May (third week of the experiment) strong winds with almost 18 m s -1 from east-northeast were measured (GEOMAR data). After this storm most of the sand inside the experimental units was washed out and needed to be refilled during the next week in all units. A second storm from the northeast occurred on the 22 nd of July but it was not strong enough to wash out the sand from the experimental units although it had an impact on several of the measured parameters (see 'Results').
Experimental design
We conducted the field experiment in 2014 between spring and late summer, a time of high vegetative growth and maximum biomass of Zostera marina. We evaluated the effects of sediment level (sediment height in cm) and experiment duration (time in weeks) on eelgrass by comparing the interactive effects of sediment load and duration on physiological, morphological and population parameters of Zostera marina. The complete factorial field experiment was designed with two manipulations: ). For the experiment, the outer edge of all units was parted off with a knife to cut off all outward rhizome connections. This was done to prevent any connection and possibility for nutrient exchange between plants inside and outside the experimental units.
Each unit, except control units, was contained by a circular plastic lawn edge to keep artificially raised sediment levels constant throughout the experiment. These circular plastic frames were positioned in a sediment depth of ~6 cm. The frames were extended aboveground to the desired height of sediment level (5 cm, 10 cm, and 20 cm). There was no additional shading effect due to the plastic frame. Sediment used for the experiment was purchased from a nearby gravel-pit. We used washed sand for playgrounds in our experiment, as this sand was similar in grain size (coarse sand, 0-1 mm) to sediment at the study site. This ensured that all experimental units were treated with the same quality of sand, free of seeds and any fauna as well as of low organic content to avoid any additional effects due to organic loading. Altogether about 520 kg of sand were used for the experiment. Depending on their treatment, eelgrass plants were buried to 0% (0 cm = controls), ~10% ('5 cm burial treatments'), ~20% ('10 cm burial treatments') and ~40%
('20 cm burial treatments') of the average initial eelgrass height (= 49.3 cm). When scuba divers filled experimental units with sand, care was taken not to break blades and to keep the plants upright during the process.
The experiment started on the 6 th of May 2014 and continued for 16 weeks until the 26 th of August 2014. Every two weeks eelgrass shoot densities of vegetative and fertile shoots were counted and scuba divers controlled all experimental units. All other parameters (individual shoot and unit biomass, leaf length, carbohydrate content) were sampled at the end of the pre-defined period (after 4, 8, and 16 weeks resp.). For these, all eelgrass shoots including rhizome of one experimental unit were sampled, frozen and stored for later analyses.
Eelgrass parameters
Shoot density
Shoot densities of vegetative and fertile shoots were quantified every two weeks of the experiment by counting the total number of shoots inside each experimental unit by scuba 7 divers. Shoot densities in control plots were counted with the help of a frame with the same area as non-control treatments.
Relative change of shoot number
Eelgrass plants were considered to be dead when their leaves were black, disintegrating, absent and/or had black rhizomes. The relative change of shoot number (mortality) was calculated as:
where d i is the initial shoot density and d f is the final shoot density (Cabaço et al., 2008) .
Eelgrass biomass
Individual shoot biomass was determined by drying all eelgrass shoots to a constant weight at 60°C (Kendrick and Lavery, 2001) . Total eelgrass biomass per unit was calculated as the sum of all single shoot biomasses of each unit.
Leaf length
The average leaf length at the start of the experiment (= 49.3 cm) was estimated by taking a random sample of 50 shoots from within the study area. 12 randomly chosen shoots from this initial sampling were used to calculate the initial maximum leaf length. During the experiment, the length, width and number of all leaves from 12 randomly chosen eelgrass shoots of each experimental unit were measured. From these 12 shoots, the length of the longest leaf was used to calculate the average maximum leaf length per experimental unit.
Carbohydrate analysis
Non-structural carbohydrate reserves were quantified after 4, 8, and 16 weeks of the experiment. Sucrose and starch content in eelgrass rhizomes were analyzed according to the method described in Huber and Israel (1982) . In short, dried eelgrass material (0.05 g) was ground, the non-structural, soluble, carbohydrates (sugars) from the ground tissues were extracted four times in boiling ethanol (80 °C) and analyzed with the reagent resorcinol (standardized to sucrose). Starch was extracted from the ethanol-insoluble fraction after 12 h at room temperature with the reagent anthrone, again standardized to sucrose (Yemm and Willis, 1954) . Finally, absorptions of extracted carbohydrates were measured with a spectrophotometer at an absorbance of 486 (sucrose) and 640 nm (starch) and concentrations were calculated with the standard curve for sucrose.
Data analysis
Data of eelgrass vegetative and fertile shoot density were analyzed by two-way repeated measures analysis of variance (ANOVA), with two main effects (factors): sediment level and experiment duration. Data obtained by destructive sampling of experimental units at the end of pre-defined periods (i.e. shoot biomass, total biomass, leaf length, sucrose concentration, starch concentration) were analyzed in two steps: First, we tested the main effects for these parameters for week 4-16 within the sediment levels 'C', '5 cm', and '10 cm'. Data were analyzed by two-way ANOVA, again with the main effects sediment level and experiment duration. Second, we performed an ANOVA for these parameters for week 16 only, but this time including all sediment levels ('C', '5 cm', '10 cm', and '20 cm'). That way, we could keep a completely balanced design for the statistical analyses. Where differences were detected for main effects, we used a posteriori multiple comparison test (Tukey-Kramer HSD). All data were transformed when necessary to meet assumptions of normality and homogeneity of variance.
Results
Shoot density
Vegetative shoots
Sediment burial levels and experiment duration both significantly affected eelgrass shoot density, with stronger effects of the factor sediment burial (Table 1 ). There were also significant interactive effects between both factors. Sediment burials above 5 cm led to mortality (Fig. 2) . Units from the 'control treatment' and '5 cm burial treatment' showed a positive net growth rate of eelgrass shoots. Shoot densities in control units increased on average by 37% during the experiment, densities of units with sediment burials of 5 cm increased on average by 30%. Sediment burials of 10 cm or more turned this gain of eelgrass shoots into a loss: burial of 10 cm (20 cm) caused an average mortality of shoots of 5% (87% respectively).
At the beginning of the experiment, control units showed a clear seasonal increase in shoot density until week 10 with an average of 196 shoots m -2 and a maximum of 246 shoots m -2 (week 10). After week 10, there was a sharp decline in shoot density, which also occurred in the other treatments (Fig. 3-A) . After week 12 control shoot densities continuously increased up to 236 shoots m ) also in week 10.
Maximum densities were even higher than those of the control units.
Experimental units with a sediment burial of 10 cm showed significantly different shoot densities in comparison to control and 5 cm burial units (Fig. 3-A . This corresponds to a shoot mortality rate of 97% when compared to control units. Even during the 'recovery period', in which the sediment of the '20 cm burial treatment' was removed for the last 6 weeks of the experiment, there was only a slight recovery of shoot densities: at the end of the experiment, maximum densities of 26 shoots m -2 were measured.
Fertile shoots
The formation of fertile shoots was significantly affected by sediment burial level and experiment duration, whereby sediment burial level had stronger effects on fertile shoot density than experiment duration (Table 1 ). There were also significant interactive effects between factors. A multiple comparison (post-hoc test) between all treatments showed significant differences between two groups: control units and treatments with 5 cm sediment burial level showed significantly higher densities of fertile shoots than treatments with 10 and 20 cm sediment burial levels. 
Eelgrass biomass
Total biomass per unit
Total eelgrass biomass per unit (g DW m -2
) is shown in Fig. 4 -A. We did not find significant differences between sediment burial levels during the first 8 weeks (Table 1 ). But we found significant effects of sediment burial levels at the end of the experiment. Multiple comparison tests showed that '20 cm burial treatments' and '5 cm burial treatments' were significantly different from all other treatments. Control units and '10 cm burial treatments' had a similar total biomass.
Control units increased in biomass from week 4 to maximum biomass values in week 8 of the experiment, followed by a decrease in biomass towards the end. Experimental units with a sediment burial of 5 cm showed a continual increase in biomass during the entire experiment. However, '5 cm burial treatments' reached their maximum biomass with a delay of 8 weeks. Total biomass of '5 cm burial treatments' equaled 95% of maximum biomass in control units.
The strongest impact was again measured in '20 cm burial treatments'. They showed a decrease in biomass of 80% compared to control plots at the end of the experiment. In '5 cm burial treatments' and '10 cm burial treatments' the maximum leaf length showed only a marginal increase during the first 8 weeks. At the end of the experiment, the longest leaves of both treatments did not reach maximum leaf length of control treatments. The longest leaves of the '20 cm burial treatments' were significantly shorter than all other treatments.
Individual shoot biomass
Carbohydrate analysis
Sucrose concentration
Experiment duration significantly affected concentration of sucrose in eelgrass rhizomes, whereas sediment burial levels had significant effects only on sucrose content at the end of the experiment in week 16 (Table 1) : sucrose content decreased with increasing sediment burial ( Fig. 5-A) . There was also a significant interactive effect between factors. A multiple comparison between all treatments showed significant differences between the 20 cm sediment burial and all other burial levels. Additionally, we found significant differences between all sampling dates. 
Starch concentration
Starch concentration in eelgrass rhizomes was significantly affected by sediment burial level (Table 1) . The highest values were found in control units, while starch concentrations of all other treatments were reduced compared to control values. Experiment duration had no significant effect on starch concentration. Also, no significant interactive effects between both factors were measured. A multiple comparison between all treatments showed significant differences between controls and '20 cm burial treatments'. 
Discussion
Our data demonstrate for the first time the strong effects of anthropogenic or natural sediment loads on Zostera marina within its core geographic range in Europe. It is also the first time that sedimentation effects on Zostera marina were tested over a time period (16 weeks) sufficiently long to assess seasonal effects. We experimentally tested the impact on different organizational levels of eelgrass, including physiological, morphological, and population parameters. Effects were visible even at low burial levels (5 cm) and short durations (4 weeks), with increasing effects over time and across all levels of organization.
The most important findings were increased shoot mortality with increasing sediment load, and delayed leaf growth and flowering as well as lower carbohydrate storage already at low sediment levels of only 10% of eelgrass shoot length.
In their review on burial effects on seagrasses, Cabaço et al. (2008) found that the best predictor of the vulnerability of a seagrass species to burial is its general leaf length. Zostera marina is among the seagrass species with the longest leaves in the world (up to 180 cm in 13 our region). The only published burial experiment burial in Zostera marina (Mills and Fonseca, 2003) was conducted during 3 weeks in North Carolina (USA) at the southern limit of eelgrass distribution on the east coast of the United States, where eelgrass length averaged only 16 cm at the start of the experiment (as compared to a duration of 16 weeks and an initial height of ~50 cm in our study). Additionally, populations of Zostera marina in that study were annual due to high summer temperatures leading to a rapid decline in August and September, the time of the highest biomass in our Baltic Sea meadows. The authors found a substantial reduction of survival and productivity at sediment levels of 25%, and a total die-off at 75% or more of plant height. In our study, we found a substantial reduction of survival at burial levels as low as ~20% of plant height, in line with previous results by Cabaço et al. (2008) , who state that species without vertical rhizomes like Zostera marina showed very strong negative effects already under low burial levels. At sediment levels of ~40% of plant height shoot mortality averaged 93% after only 12 weeks of burial.
Therefore, we even found a higher sensitivity of Zostera marina to low levels of sedimentation or burial compared to the earlier study. This higher sensitivity could be due to the longer duration of our experiment (16 vs. 3 weeks).
As we were especially interested to determine threshold values for burial heights of local eelgrass, the question remained as to which extent local long-leaved plants could tolerate anthropogenic burial. Based on our results, we would conclude that negative burial effects on seagrasses depend on the actual leaf length of affected plants rather than general species size. Therefore it is important to consider the actual leaf length of seagrass plants during the sedimentation impact and not to calculate the tolerable sedimentation load based on maximum leaf length of the affected species.
The '5 cm treatment' (~10% burial depth relative to plant height) showed higher maximum ). This might be due to an overcompensation of eelgrass plants in response to the increased sedimentation. Many seagrass species commonly show growth responses when threatened by higher sedimentation or burial (Cabaço et al., 2008) , e.g. increases in leaf sheath length, vertical internodes length, or branching frequency. Mills and Fonseca (2003) on the other hand did not observe any increases in eelgrass growth parameters in reaction to experimental burial. But they conceded that the short duration of their experiment (24 days) might not have provided sufficient time for growth responses to sedimentation.
They recommended a longer study under low conditions of burial to fully understand potential non-lethal responses of eelgrass to sedimentation. With a duration of 16 weeks and sediment levels as low as 10% of the plant height, our experiment complied with these requirements. However, even though maximum shoot density in the '5 cm treatment' was higher compared to controls, we observed a significant delay of 4-8 weeks until eelgrass reached (or surpassed) control levels in most parameters. Furthermore, we found a significant reduction in starch content and flowering capacity, a lower maximum biomass and a lower maximum leaf length of the '5 cm treatment', proving an impact for next years' plants even at low sediment levels. Particularly the reduction in starch content and lower flowering capacity could have strong negative effects on the population level. Govers et al. (2015) found that starch content in the rhizome is a good predictor for winter survival of seagrass plants. Combined with a lower sexual recruitment due to a reduced flowering capacity, the burial could lead to a long-term reduction in eelgrass shoot density.
The '20 cm burial treatment' (~40% of initial plant height) was characterized by very high shoot mortality rates. In one unit, a total die-off occurred and in all other '20 cm treatments' units the plants exhibited extremely low values in all assessed parameters. Although Z.
marina already showed vulnerability to low levels of sedimentation, it is worth mentioning that in our '20 cm treatment' some plants did survive burial levels that were deadly to most other seagrass species (Cabaço et al., 2008) . Only two of the least sensitive species (Posidonia australis and P. sinuosa) survived burial of 20 cm ≙ 30-60% of plant height (pers.
comm. from J.M. Ruiz in: Cabaço et al., 2008) . The recovery phase of 6 weeks conducted for the '20 cm treatments' showed a minor effect on shoot density with an increase in the last 2 weeks of the experiment. This increase is most likely due to lateral ingression of seeds from the surrounding meadow, as indicated by very low maximum leaf lengths, and demonstrates that disturbed areas can be inseminated from intact habitat in the vicinity.
The reason for the observed decline after week 10 in shoot density of all treatments is not entirely clear (Fig. 3-A) . Most likely the second storm from the northeast on the 22 nd of July (week 11) led to the observed decrease, which was also obvious but less pronounced in the density of flowering shoots (Fig. 3-B ).
While our experiment showed very strong and negative effects of sedimentation on seagrass health, we are aware of some limitations of our study compared to real life burial of seagrass 
Energy storage in seagrasses
We measured non-structural carbohydrates (sucrose and starch) in eelgrass rhizomes, because rhizomes are the main reservoir of carbohydrates (Touchette and Burkholder, 2000) . Sucrose, in particular, is known to play an important role as short term energy storage for seagrasses, surpassing starch levels 30-fold (Abel and Drew, 1989; Burke et al., 1996) , which is why we expected stronger depletion of sucrose compared to starch. Surprisingly however, in our experiment the concentration of sugar changed only slightly in response to different sedimentation treatments when compared to starch. Starch reservoirs are energetically more costly to form and have to be converted back to soluble carbohydrates when needed, while sucrose reserves are immediate available (Touchette and Burkholder, 2000) . In shading stress experiments with Z. marina, sucrose rather than starch concentrations responded to light limitation and the authors concluded that reservoirs of sugar rather than starch may improve the chance of survival under environmental stresses (Burke et al., 1996; Salo et al., 2015) . In contrast to our study, these shading experiments were running for only 3-4 weeks. This time period might be too short to detect changes in starch concentration. In our experiment, clear effects in starch concentration were visible after more than 8 weeks.
In contrast, in the sister species Zostera noltii starch was of particular importance as reserve storage and can be used as an indicator for winter survival (Govers et al., 2015; Olivé et al., 2007) . This species also showed similar patterns -no effects on soluble sugars but significant effects on starch content of rhizomes among different treatments of sedimentation -as Z. marina in the present study (Cabaço and Santos, 2007) . In Z. marina, starch is probably not mobilized in anoxic roots and thus not transported to the rhizomes, which could explain the low levels we measured there (Smith et al., 1988; Zimmerman and Alberte, 1996) . However, even though the actual reasons remain unclear without further research, in sediment treatments with sufficient duration starch seems a more suitable indicator for the physiological state of Zosteraceae than sucrose.
To conclude, our results clearly show the negative consequences of anthropogenic sediment load on eelgrass plants, which is why we strongly advise against dumping sediments in these important and sensitive coastal habitats. Negative effects were already apparent when 5 cm (~10% of shoot length) of sediment were added and were even more pronounced with 16 a sediment addition of 10 cm (~20% of shoot length). As accompanying effects of most anthropogenic sediment altering activities (e.g. increased turbidity and light limitation caused by suspended sediment particles in the water column) were not assessed (and not triggered) in our experiment, impacts of actual sedimentation activities will likely be even more severe.
Zostera marina has one of the highest light requirements for seagrass species (Erftemeijer and Lewis III, 2006) . Therefore, any long-term reduction in light availability will have strong negative effects on Zostera marina and if plants are buried in addition, it can potentially be very harmful and lead to extinction of local meadows.
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